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Abstract 
This paper presents an empirical investigation into the operational benefits of passing lanes on rural two-lane 
highways.   Two study sites in the state of Montana were used in this investigation.  Performance was examined at a 
single location upstream and multiple locations downstream of the passing lane at each study site.  Using percent 
followers as a performance measure, operational benefits right after the passing lane ranged between 33% and 42% 
at one study site and 12% to 19% at the other study site under prevalent traffic levels.  Study results also suggest that 
operational benefits persist for a remarkable distance beyond the end of the passing lane.  
© 2011 Published by Elsevier Ltd.
Keywords: passing lane; platooning; two-lane highways; effective length; operations   
1. Introduction 
Two-lane highways constitute the vast majority of the highway system in the United States.   Those highways are 
known for higher level of interaction between vehicles traveling in the same as well as in opposing directions.  
Specifically, passing maneuvers are typically performed using the opposing lane when sight distance and gaps in the 
opposing traffic stream permit.  This has serious implications for traffic operations and safety.  From a traffic 
operations perspective, limited passing opportunities would result in higher impact of slow-moving vehicles on 
mobility and performance.   
As traffic level increases and passing opportunities become more restricted, passing lanes are used in practice as 
one of the most effective means in providing passing opportunities, thus breaking up platoons and improving 
operations.  In practice, the use of passing lanes is often considered more appropriate than the costly alternative of 
upgrading to continuous four-lane highway sections.  Also, it is a practice to provide passing lanes periodically at 
regular intervals on long stretches of rural two-lane highways.    
For the proper use of passing lanes on two lane highways, their effect on performance needs to be accurately 
assessed both at the location of the passing lane and for some distance downstream, i.e. beyond the end of passing 
lane.  The term “effective length” of passing lane is used by the Highway Capacity Manual (HCM) to refer to the 
total length of the passing lane and the distance downstream, where the effect of the passing lane persists (TRB 
2000).  Knowing the operational benefits and the effective length of a passing lane would allow the selection of the 
most appropriate length and frequency of passing lanes on longer stretches of two-lane highways.  In this time of 
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increasing fiscal constraints, this information is critical in achieving optimum use of the limited highway 
improvement funds.  
2. Background 
The HCM 2000 includes a procedure for the analysis of passing lanes on two lane highway segments (TRB 
2000).  For two-lane highways, the HCM uses two service measures, percent time-spent-following (PTSF) and 
average travel speed (ATS).  PTSF is defined as “the average percentage of travel time that vehicles must travel in 
platoons behind slower vehicles because of an inability to pass” (TRB 2000).  The procedures assume that the PTSF 
within the passing lane is 58 to 62% of its upstream value (value immediately before the passing lane) while ATS 
within the passing lane is 8 to 11% higher than its upstream value.  Also, the procedure provides values for the 
effective length of passing lanes which varies between 3.6 and 13 miles based on traffic volume for PTSF, versus a 
constant 1.7 miles for ATS.    
While there are quite a few studies on passing lanes in the literature, only a small number of studies attempted to 
assess the operational benefits and effective length of passing lanes.  Most of those studies were largely dependent 
on traffic simulation, and some used limited field data in the calibration of simulation models.  The most relevant of 
those studies are discussed in this section.   
In a relatively recent study (Woolridge et al. 2002), the researchers investigated the optimal passing lane length 
and spacing on two-lane highways.  Field data was collected from study sites in Kansas and Minnesota and was used 
later in calibrating the simulation model TWOPAS.  Simulation results showed that the percent time-delay 
(measured as the percentage of headways less than five seconds) decreased as the passing lane length increased.  
Based on traffic volumes and type of terrain, the optimal length of passing lane varied from 0.8 to 2.0 miles and the 
optimal spacing between passing lanes varied from 3.5 to 11 miles.   
May (1991) used TRARR traffic simulation model to investigate the operational benefits and the effective length 
of passing lanes.  The results suggested that for passing lanes between 0.5-2.0 miles in length, benefits tended to 
diminish after about 2.0 miles.  The study also investigated five passing lane locations with different volumes and 
lengths in the State of California.  Overall, passing lanes reduced the percent time-delay and the percentage of 
headways less than two seconds with the exception of one site where slight increases were observed.     
A study by Harwood and Hoban (1987) investigated the optimal length and spacing of passing lanes using 
simulation.  The study used different traffic volumes and lengths of passing lane which varied in the range 0.25 mile 
to 2.0 miles.  Results showed that for a flow rate of 400 vehicles per hour (vph) the benefits persisted for at least 
seven miles from the beginning of the passing lane, while for a flow rate of 700 vph almost all the benefits 
diminished after five miles.  
Another earlier study evaluated the effect of passing lanes on operations using the TWOPAS simulation model 
that was calibrated using field data (Harwood and St. John 1986). The researchers found that the effective length of 
passing lanes was in the range three to eight miles.  They also found that higher flow rates led to shorter effective 
lengths.  The effective length refers to the total length of the passing lane and the distance downstream, where the 
effect of the passing lane persists (TRB 2000).  The same researchers investigated 12 passing lane sites in several 
states in an attempt to determine the effective length and spacing of passing lanes (Harwood and St John 1985).  At 
each site, automatic traffic recorders were placed at locations upstream, within, and up to one mile downstream of 
the passing lanes where six hours of field data was collected.  Using four-second headway or less in identifying 
platooned vehicles, the study showed that the number of vehicles in a platoon decreased from 35.4 % directly 
upstream of the passing lane to 20% within the passing lane. Just downstream of the passing lane the percentage 
increased to 29%.  One mile downstream of the passing lane the number of platooned vehicles was 3.5% lower than 
the upstream value.  The average platoon length decreased from 2.9 vehicles to 2.7 vehicles before and after the 
passing lane, respectively.    
Mutabazi, Russell, and Stokes (1999) conducted a simulation study to determine the optimum passing-lane 
configuration to reduce delay. Traffic data was gathered from two sites in Kansas, US-54 and US-50, for calibration 
of TWOPAS simulation software.  The simulation was then used to determine the best configuration of passing-
lane.  The results showed that percent time delay was equivalent for the side-by-side configuration and head-to-head 
configuration; however percent delay was higher for all other configurations.  
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3. Research Motivation 
Results from the above mentioned studies show that there is little guidance, if any, in answering the following 
questions: what are the operational benefits of passing lanes and how far downstream do these benefits persist?  The 
answer to these questions is very important in the planning and design of passing lanes on two-lane highways.   
Results from previous studies lack consistency as they varied in too wide of a range to be of any meaningful use.  
For example, while a study by May (1991) claims that for passing lanes between 0.5-2.0 miles in length, benefits 
tended to diminish after about 2.0 miles.  The HCM (TRB 2000) suggests that benefits may exist for 13 miles 
beyond the passing lane.  Other studies suggested different values between the former two values (Harwood and 
Hoban 1987, Harwood and St. John 1986).  Similar inconsistencies exist in the reported benefits of passing lanes 
that are measured immediately downstream from the passing lane taper.  Those inconsistencies may largely be 
attributed to the following two reasons: 
1. The measures of performance used in estimating the benefits of passing lanes in previous studies are not 
consistent.  Specifically, different values for headways were used to identify platooned vehicles by previous 
research efforts.  For example, some studies used three-second headway (Al-Kaisy and Karjala 2008, Gattis et 
al. 2006), four-second headway (Harwood and St. John 1985), and five-second headway (Woolridge et al. 2002, 
May 1991; Taylor and Jane 1991, Harwood et al. 1985) in identifying platooned vehicles.  
2. The majority of the already limited published research on this topic relied largely on using traffic simulation 
models.  Many of those studies are somewhat outdated and used early versions of simulation models that may 
not provide realistic results. Further, the difficulty in obtaining appropriate field data may have compromised 
the necessary validation of these models using field observations.       
In light of the above, there is a need to conduct empirical research that would provide a more reliable assessment 
of passing lane benefits using the performance measures currently used in practice.      
4. Passing Lane Effect on Platooning: Theoretical Perspective 
This study aims at investigating the effect of passing lanes on two-lane highway operations and the distance 
downstream of the passing lane where this effect persists, commonly referred to as the passing lane effective length.   
Figure 1 shows the hypothesized performance on two- lane highways in the presence of a passing lane.  It is 
somewhat simplistic and very consistent with a similar figure provided in Exhibit 20-22 in the HCM (2000) where 
the percent time-spent-following is used as a platooning measure. The figure shows the theorized change in 
platooning level versus position prior, within, and past the passing lane.  Upon arriving at the passing lane, traffic on 
a two-lane highway with restricted passing opportunities is expected to have a relatively high platooning level.  
Upon entering the passing lane section, traffic is distributed on the two available lanes, with slower vehicles 
typically using the passing (right) lane and faster vehicles remaining on the normal (left) lane.  This speed-based
Figure 1:  Theoretical Graph Showing Platooning Level Within and Downstream of a Typical Passing Lane 
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segregation usually results in passing maneuvers, improved speeds, and decline in platooning level.  At the end of 
the passing lane section, vehicles in the passing lane have to move back into the normal lane merging with the rest 
of traffic using a taper.  
At this point, all vehicles share again the original travel lane; however, slower vehicles are not necessarily 
leading platoons at this point.  This denotes less impedance to traffic, higher average speeds, and improvement in 
quality of service.  As traffic moves downstream farther from the passing lane, faster vehicles catch up with slower 
vehicles and platooning level is expected to steadily increase until it eventually reaches its original level (pre-
passing-lane value).  The stable original level of platooning is based on the assumption that there are no changes in 
geometric features or passing restrictions throughout the site except for the presence of the passing lane.  
5. Study Approach  
This study used empirical observations to investigate the effect of passing lanes on platooning and performance 
on rural two-lane highways.  Only highways that are located in rural settings, typically characterized by relatively 
low volumes and high speeds, are considered within the scope of this study.  Further, climbing lanes (passing lanes 
on extended upgrades) are considered beyond the scope of the study.    
The study approach required the selection of passing lane sites where the passing lane and a significant distance 
downstream are free from major access points and are generally located in level terrain.  Several data collection 
stations were installed upstream and at various distances downstream of the passing lane using automatic traffic 
recorders.  Three performance measures were estimated to discern the effect of the passing lane and the change in 
that effect as traffic traverses and moves away from the passing lane.  Those performance measures are:   
i. Percent Followers: Percent followers represents the percentage of vehicles with short headways in the traffic 
stream. Specifically, a follower is a vehicle following another vehicle in the traffic stream with a short 
headway in between.  The headway cut-off value used by the current HCM is three seconds, which is the 
same value used in this study.   
ii. Follower Density: Follower density is the number of followers in a directional traffic stream over a unit 
length such as a mile or a kilometer. It is estimated as the product of density and percent followers, as in the 
following equations:  
(1) Follower Density = Density * Percent Followers  
(2) Follower Density = (Hourly Flow Rate / Average Speed) * (% Headways < three seconds)  
The argument behind using this performance indicator is that a road with low average daily traffic (ADT) and 
high PTSF should have a lower Level of Service (LOS) than the same road with a higher ADT and PTSF 
equal to the low ADT road (Van As 2003). This is particularly true in the context of highway improvement 
decision making for which the LOS and other operational analyses are important inputs.   
iii. Average Travel Speed as a Percentage of Free-Flow Speed (ATS/FFS): This is an indicator of the amount 
of speed reduction due to platooning on two-lane highways.   
For details on the above measures, please refer to a recent study on two-lane highway performance measures (Al-
Kaisy and Karjala 2008).   
6. Data Collection and Reduction 
To investigate the effect of passing lanes on platooning level, it was necessary to consider the following criteria 
in the selection of study sites: 
1. No major driveways or intersections exist within the passing lane and for some distance upstream and 
downstream.  
2. As practically as possible, site should be free of tangible grades (grades greater than 2%) or other features that 
are believed to affect platooning on two-lane highways.   
3. Site should possess geometric features that are considered typical for other passing lanes on rural two-lane 
highways.    
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The above criteria followed in the selection of study sites made it difficult to identify appropriate sites for this 
study.  Upon examining seven candidate sites, only two sites largely met the criteria above and were therefore 
selected for the study.  As-built roadway drawings, video logs, and Google earth images were all used in screening 
candidate study sites.   
Study Site I: This site is located on Highway US 287 between the towns of Three Forks and Townsend in the state 
of Montana. Townsend is approximately 5.5 miles upstream of this site and therefore the impact of any traffic 
interruption on platooning is considered minimal, if any.  The total length of the site is around 8.25 miles including 
the length of the passing lane which is approximately 1.5 miles (including tapers).  The major merit of this site is the 
relatively long distance downstream that met the selection criteria.  Traffic level at this site is relatively low.    
Study Site II: This site is located on Highway US 191 just north of the Gallatin canyon in southwest Montana. The 
upstream end of this site is around 30 miles from the nearest intersection, and as such no effect on platooning is 
expected.  The total length of this site is approximately 2.5 miles including the length of the passing lane which is 
around 0.9 mile (including tapers).  The distance downstream is limited to 1.5 miles which is relatively short.  
However, traffic level at this site is notably higher than that at the US-287 site which is important to this 
investigation.  Data collection setups at the two study sites are shown in Figure 2.   
Figure 2: Data Collection Setup (a) US 287 Study Site (b) US 191 Study Site 
Seven data collection stations were installed at the US-287 site versus four stations at the US-191 site.  The first 
station at both sites is located 250 feet upstream of the passing lane.  As applicable, the other stations are located at 
roughly 250 feet, 0.5 mile, 1.5 mile, 3 miles, 5 miles, and 6.6 miles downstream of the passing lane respectively.  
The distances mentioned were measured from the end of the passing lane tapers.  Automatic traffic recorders were 
used to measure traffic counts, individual vehicle speeds, vehicle classification, and headways.   
Data was collected over a one-week period in May 2008.  A total of 1,583 hours (around 66 days) of traffic 
records with more than 222,000 observations were collected at the two study sites.  Traffic records were thoroughly 
screened to make sure that any defective data was eliminated from the data sets.  Also, to avoid any possible effect 
of light condition and rain on performance measures, only daytime periods with dry weather were used in this study.    
7. Study Results  
The hypothesized platooning level graph shown in Figure 1 was tested using analyses that aim at exploring the 
association between performance, the presence of passing lane, and the distance past the end of the passing lane.  
The terms “platooning” and “performance” will be used interchangeably in the following sections.    While two sites 
were used in this study, only the US-287 site was used throughout the analysis.  The other site, the US-191, was 
used for the preliminary examination and analysis of headway distribution only.   The main reason for not including 
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the US-191 site in the statistical analyses is that this site did not allow the investigation of adequate distance 
downstream of the passing lane, which was necessary for examining the effect of the passing lane on platooning.   
7.1. Preliminary Examination   
The first step in testing the research hypothesis was to examine performance measures at data collection stations 
to discern trends in platoon dispersion and formation as related to the presence of passing lanes.   
To assess the immediate effect of the passing lane on performance, a comparison of performance measures 
between the upstream and downstream stations is provided in Table 1.  Traffic levels at the two sites were 
established based on the observed traffic volumes at the two study sites.  Upon carefully examining this table, the 
following observations can be made:  
1. The percent changes in performance measures are greater at the US-287 site relative to the US-191 site.  This is 
consistent with the fact that the passing lane at the former site is considerably longer than that at the latter site.   
2. The headway-related measures, i.e. percent followers and followers’ density, have shown remarkable 
improvements at the two study sites under various traffic conditions, particularly at lower traffic levels.   
Table 1: Changes in Performance Measures over the Passing Lanes at Study Sites
US 287 Site
Performance Measure Upstream Downstream Percent Change 
Average Hourly Volume = 130 vph
Percent Followers 36.3 21.4 -41.05 
Follower Density 0.697 0.400 -42.67 
ATS/FFS 0.98 0.99 0.81 
Average Hourly Volume = 155 vph 
Percent Followers 40.8 27.1 -33.58 
Follower Density 0.922 0.564 -38.83 
ATS/FFS 0.98 0.96 -1.43 
US 191 Site 
Performance Measure Upstream Downstream Percent Change 
Average Hourly Volume = 110 vph
Percent Followers 25.32 21.03 -16.94 
Follower Density 0.37 0.33 -11.71 
ATS/FFS 0.984 0.969 -1.52 
Average Hourly Volume = 200 vph 
Percent Followers 38.79 31.49 -18.82 
Follower Density 1.04 0.888 -14.62 
ATS/FFS 0.987 0.948 -3.95 
Average Hourly Volume = 330 vph 
Percent Followers 53.31 46.61 -12.57 
Follower Density 2.45 2.28 -6.94 
ATS/FFS 0.984 0.954 -3.05 
3. Changes in the third performance measure (ATS/FFS) are relatively small particularly at lower traffic levels.     
To examine the part of the platooning graph beyond the passing lane, the three performance measures were 
plotted at various stations downstream of the passing lane as shown in Figure 3.  The following important trends are 
clearly exhibited in this figure:   
1. Percent followers and follower density exhibit improvement in performance for a relatively short distance 
downstream of the passing lane.  While this trend applies to the two study sites, it is more evident at the US-287 
site where a considerable downstream distance was investigated.  Also, the improvement is somewhat more 
notable at higher traffic levels. 
2. Beyond the 1.5 mile station (US-287 site), platooning level increases steadily as traffic moves away from the 
passing lane.  This trend is common to all performance measures used in this study.     
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3. The increase in platooning level in these graphs does not flatten out or reach a plateau as suggested by the 
hypothesized platooning curve.  This may be an indication that the operational benefits of the passing lane 
continue well beyond 6.6 miles, the farthest distance investigated in this research.   
While the first observation may initially sound unexpected, it can easily be understood if one thinks about the 
dynamics of breaking up platoons by passing lanes more at the microscopic level.  Initially, vehicles arrive at the 
passing lane location with relatively high level of platooning.  As vehicles enter into the passing lane, a portion of 
vehicles including the slower moving vehicles usually take the passing (right) lane.  This maneuver normally takes 
place at the taper location but some vehicles may change lanes later into the passing lane section.  This will allow 
faster vehicles on the normal (left) lane to travel at higher speeds, not impeded by the once platoon leaders; the 
slower moving vehicles.  Eventually, many of the faster vehicles will pass the slower vehicles within the passing 
lane.  As the passing lane comes to an end, vehicles in the passing lane have to merge back into the normal lane.  
This merge activity creates short headways, as many vehicles are forced to accept shorter headways moving back 
into the normal lane.  Those vehicles may need to adjust their speed which is normal in a similar merge situation.  
As a result, platooning level (denoted by the presence of short headways) becomes “relatively” high right after the 
passing lane.  However, platoons at the downstream end of the passing lane are different in attributes from those at 
Figure 3: Change in Performance Measures Downstream of Passing Lanes at Study Sites 
the upstream end, as the former are largely associated with the aforementioned merge activity, while the latter are 
mostly associated with slower vehicles impeding the movement of faster vehicles.  As vehicles move farther from 
the passing lane, some vehicles adjust the short headways to their comfort level, thus reducing the percentage of 
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short headways and hence platooning level.  This activity takes place over a short distance beyond the passing lane, 
which could be a function of traffic level.  On the other hand, the impedance of slower vehicles to faster vehicles, 
which was largely diffused by the passing lane, starts to build up again as vehicles move farther from the passing 
lane and faster vehicles eventually catch up with the slower vehicles.  This explains the increase in platooning level 
at the stations beyond the 1.5-mile station at the US-287 site.       
To better understand the magnitude of change of performance measures as traffic moves farther from the passing 
lane, the percent of change for each performance measure is plotted downstream of the passing lane at the US-287 
site as shown in Figure 4.  While the change in the ratio of average speed to free-flow speed is minimal, changes in 
headway-related measures are quite notable.  This indicates that the headway-related measures investigated are more 
sensitive to platooning on two lane highways than the speed ratio.    
Table 2 shows the difference in performance between the upstream station and the farthest downstream station at 
the US-287 site using headway-related performance measures.  The figures presented in this table show that the 
residual operational benefits at 6.6 miles downstream of the passing lane are fairly high.  This suggests that the 
effective length of passing lane could extend a considerable distance beyond the location of this station.    
Figure 4: Percent Change in Performance Measures Downstream of the Passing Lane at US-287 Study Site 
Table 2: Residual Operational Benefits at 6.6-Miles Station (US-287 Study Site)
Average Hourly Volume = 130 vph 
Performance Measure Upstream 
6.6 miles 
Downstream 
Residual 
Benefits 
Percent Followers 36.3 25.8 28.93% 
Follower Density 0.697 0.510 26.85% 
Average Hourly Volume = 155 vph 
Performance Measure Upstream 
6.6 miles 
Downstream 
Residual 
benefits 
Percent Followers 40.8 27.7 32.11% 
Follower Density 0.922 0.617 33.08% 
7.2. Examination of Headway Distribution      
As platooning is directly related to headways, headway distributions were plotted at the two study sites using a 
three-interval scheme as shown in Figure 5.  Upon examining this figure, it is evident that short headways (less than 
three seconds) have dropped remarkably at the downstream station in comparison with that just before the passing 
lane at the two study sites.  However, there is sufficient evidence that the actual improvement in performance could 
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be even greater if one considers the merge effect and its associated short headways as discussed earlier.  This 
explains the further decrease in short headways over the following station(s), 0.5-mile station at the two study sites, 
and 1.5-mile station at the US-287 site.  Beyond this point, the percentage of short headways generally increases 
indicating an increase in the platooning level.   
At the US-287 site, this percentage remains lower than the original percentage at the upstream station.  This may 
well indicate that, for the traffic level investigated operational benefits of the passing lane persist for a distance 
longer than the distance investigated in this research (6.6 miles).  On the other hand, the percentage of long 
headways (nine seconds or greater) generally increases, and the medium size headways (three to nine seconds) 
decreases beyond the downstream station.  This may indicate an increased level of vehicle segregation into 
platooned and non-platooned vehicles and hence into longer and shorter headways.  At the US-191 site, trends are 
consistent with their counterparts at the US-287 site for the limited distance investigated downstream of the passing 
lane.    
7.3. Statistical Analysis  
To examine the effect of distance downstream of the passing lane on platooning and performance, data from the 
US-287 site was further analyzed to get a better understanding of their association.  Data from the US-191 site was 
not used in the statistical analysis due to the short downstream distance investigated by this study.  Table 3 provides  
Figure 5: Headway Distribution at Data Collection Stations at Study Sites 
the coefficients of correlation between the three performance measures and all “platooning” variables including the 
distance downstream of the passing lane, referred to as “distance” in the table.  The percentage trucks refers to the 
percentage of heavy vehicles in the traffic stream.  The merge effect refers to the effect of merge activity on 
headways and platooning that only exists at the data collection station immediately downstream of the passing lane.  
It is included in this analysis as an indicator (dummy) variable.  An indicator variable is one that takes the values 0 
or 1 to indicate the absence or presence of some effect, in this case the merge activity, which may be expected to 
shift the outcome.  While the study site is generally located in level terrain, the exact percentage grade from as-built 
drawings at various data collection stations was used in the analysis.  Percent no passing in this study refers to the 
percentage of length of highway where passing is prohibited within one mile upstream of the data collection station. 
Table 3:  Correlation Coefficients Between Performance Measures and Major Platooning Variables
US 287 
Performance Indicator Volume % No Passing Distance Merge Effect Grade % Trucks 
Percent Followers 0.800 ----- 0.169 ----- ----- 0.109 
Follower Density 0.832 ----- ----- 0.104 ----- ----- 
ATS/FFS -0.744 ----- -0.248 0.145 -0.194 ----- 
Note: Cells marked with “-----” refer to coefficient of correlation less than 0.1. 
Ahmed Al-Kaisy and Zachary Freedman / Procedia Social and Behavioral Sciences 16 (2011) 340–351 349
The results show that traffic volume has the highest correlation with performance measures (all coefficients are 
above 0.74).  The results also suggest a weak correlation between the three performance measures and other 
platooning variables including the distance downstream of the passing lane.  Overall, the percent-no-passing showed 
the lowest correlations with the three performance measures.  All correlation coefficients exhibited logical 
relationships, i.e. platooning increases with the increase in traffic volume, grade, distance downstream of passing 
lane, percentage trucks, and the presence of merge effect.   
To get a closer look at the association between performance measures and distance downstream of the passing 
lane, it was deemed appropriate to control the effect of volume in the analysis.  As such, the analysis of correlations 
was repeated using data that roughly reflects the same traffic level.  The new data set only involves hourly volumes 
that are in the range 125 vph to 135 vph which constitute the majority of the observations.  At this traffic level, the 
correlation coefficients were calculated between performance measures and all other platooning variables as shown 
in Table 4.  This time, the distance downstream of the passing lane showed relatively high correlations with 
performance measures as shown in this table (all coefficients are above 0.73).  All distance coefficients exhibited 
logical relationships with performance measures.  Specifically, as the distance downstream of passing lane 
increases, percent followers and follower density increase as well.  On the other hand, as this distance increases, the 
ratio of average travel speed to the free-flow speed decreases.  Only one illogical (and low) correlation coefficient 
was found between follower density and percent no-passing.  What this tells us is that follower density was not 
reasonably sensitive to percent no-passing at this study site.  In case studies where a specific site is investigated, it is 
likely to have an illogical weak correlation given the amount of field data used and the many variables that could 
affect the measure of interest. 
Table 4: Correlation Coefficients Between Performance Measures and Platooning Variables at Same Traffic Level
US 287 
Performance Indicator % No Passing Distance Merge Effect Grade %
Percent Followers ----- 0.732 ----- 0.338 0.189 
Follower Density (-0.233) 0.735 0.139 0.21 0.197 
ATS/FFS -0.399 -0.94 0.711 -0.68 0.579 
Note:  Cells marked with “-----” refer to coefficient of correlation less than 0.1 
Values in brackets are those that exhibited illogical relationships
Besides correlation coefficients, multivariate linear regression, another tool used to explore linear relationships, 
was also performed to examine the functional relationships between performance indicators and platooning 
variables with special emphasis on the distance downstream of the passing lane.  Table 5 summarizes the results of 
the regression analysis which show the relationship between the response variable (performance indicators) and 
predictor (platooning) variables.  Upon examining this table, the following observations can be made:  
1. All three models are significant at the 95% confidence level as affirmed by the F-test results.  
2. The coefficients of determination (R-square) are relatively high which shows that much of the variation in the 
performance measures is explained by the respective models.  Traffic volume and distance downstream of the 
passing lane were found significant in all regression models.   
3. This indicates that distance beyond the end of the passing lane has significant effect on all performance 
measures investigated in this study.  Merge effect and percent no passing were found only significant in the 
model for estimating percent followers.  
4. Grade was found insignificant in all regression models, which shows that it had no tangible effect on any of the 
performance measures.  This is mainly due to the fact that the study site is located in generally level terrain.  
5. All predictor variables that were found significant exhibited logical relationships with the dependent variable.   
     
Table 5:  Results from Multivariate Linear Regression Analysis at Study Site US 287
US 287 
Performance 
Indicator 
Regression Model Coefficient and P-value from t-test2, 3
P value 
F-test1
R-
squared SE Volume 
% No 
Passing
%
Trucks Dist 
Merge 
Effect Grade 
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Percent Follower <0.001 0.74 2.66 0.0741 
<0.001
0.0323 
0.01
0.055 
(0.09)
0.789 
<0.001 
3.42 
<0.001 
0.626 
0.43
Follower Density <0.001 0.72 0.09 0.00023 
<0.001
0.00002
0.76
-0.0154 
0.92
0.0122 
0.02 
0.0877 
(0.08)
-0.0081 
0.76
ATS/FFS <0.001 0.67 0.77 0.00008 
<0.001
-0.0012 
0.78
0.201 
0.59
-0.174 
<0.001 
-0.048 
0.20 
-0.194 
0.11
1 Values underlined in italic refer to models that were found significant using the F-test  2
Values in bold are for coefficients that were found significant using the t-test  3
Values in brackets are those that passed significance testing at the 90% confidence level only 
To further examine the effect of distance on performance measures, another regression analysis was conducted 
where all variables that were found less important were dropped from further analysis.  This has narrowed down the 
list of variables to traffic volume and distance downstream of passing lane.  To control for the effect of volume, only 
field data that roughly represents the same traffic level (125-135 vph) was used in the regression.  This allowed 
dropping volume from the regression analysis leaving distance as the only predictor variable. 
The objective is to answer the question: for a given traffic volume, what is the effect of distance on traffic 
performance and platooning?  The results are presented in Table 6.   Upon examining the F-test and t-test results, it 
is evident that the three models are significant at the 95% confidence level.  Also, the only predictor variable, 
distance downstream of the passing lane, was found significant in all three models.  The R-square values suggest 
that distance explained around 54% of the variation in percent followers and follower density and around 89% of the 
variation in the speed ratio.  These results are generally consistent with those from the correlation analysis.  
Table 6:  Results from Multivariate Linear Regression Analysis with Distance as the Only Predictor Variable
Performance Indicator 
Regression Model P-value from t-test 
F-test R-squared SE Distance 
Percent Follower <0.001 0.536 1.598 <0.001 
Follower Density <0.001 0.540 0.023 <0.001 
ATS/FFS (%) <0.001 0.887 0.175 <0.001 
8. Concluding Remarks   
The current research utilized empirical data to investigate the effect of passing lanes on rural two-lane highways.  
Analyses were conducted to assess the operational benefits of passing lanes and how those benefits diminish as 
traffic moves away from the passing lane.  The major findings of this study are:  
1. Using headway-related performance measures, platooning level decreases beyond the downstream end of the 
passing lane for a short distance before it starts to increase again as traffic moves away from the passing lane.  
For the study sites investigated, results suggest that this distance could be as long as 1.5 miles beyond the end of 
passing lane taper.  This phenomenon is related to the merge activity at the end of the passing lane, which may 
force many drivers to accept headways shorter than what they would comfortably select.  This shows a 
limitation in using the headway-related performance measures as indicators of platooning and impedance on 
two-lane highways.     
2. Despite the effect of the merge activity, the change in headway-related performance measures before and after 
the passing lane is notable in most instances and is a function of passing lane length and traffic level.  Changes 
in headway-related performance measures ranged between 33% and 43% at the US-287 site versus 7% and 19% 
at the US-191 site.  The true improvement in performance caused by the passing lane is expected to exceed 
these values should the merge effect discussed earlier be considered.     
3. Research results showed considerable residual operational benefits (around 30% reduction in platooning level) 
at 6.6 miles downstream of the passing lane at the US-287 study site.  This suggests that the passing lane 
operational benefits at this site may well persist for a few more miles beyond the distance investigated, and 
consequently the effective length is likely to be in the order of 10 miles (or even longer).  This finding may 
contradict other studies in the literature, but it is somewhat consistent with the value of the passing lane 
effective length provided in the current HCM.     
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Given the many variables that could affect the passing lane effective length, the authors strongly recommend further 
empirical studies on passing lanes which consider other ranges of traffic volumes and passing lane lengths.  This 
will help to develop a better understanding of the operational benefits of passing lanes, which is critical in the proper 
planning and design of passing lanes on rural two-lane highways.       
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